ABSTRACT. Fusarium oxysporum f. sp cubense (Foc), the causal agent of Panama disease, is responsible for economic losses in banana crops worldwide. The identification of genes that effectively act on pathogenicity and/or virulence may contribute to the development of different strategies for disease control and the production of resistant plants. The objective of the current study was to analyze the importance of SGE1 gene expression in Foc virulence through post-transcriptional silencing using a double-stranded RNA hairpin. Thirteen transformants were selected based on different morphological characteristics, and sporulation in these transformants was significantly reduced by approximately 95% (P < 0.05) compared to that of the wild-type strain. The relative SGE1 expression levels in the transformant strains were reduced by 27 to 47% compared to those in the wild-type strain. A pathogenicity analysis revealed that the transformants were able to reach the rhizomes and pseudostems of the inoculated banana plants. However, the transformants induced initial disease symptoms in the banana plants approximately 10 days later than that by the wild-type Foc, and initial disease symptoms persisted even at 45 days after inoculation. These results indicate that the SGE1 gene is directly involved in the virulence of Foc. Therefore, SGE1 may be a potential candidate for host-induced gene silencing in banana plants.
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INTRODUCTION
The filamentous fungus Fusarium oxysporum f. sp cubense (E.F. Smith) Snyder & Hansen (Foc) is the causal agent of Panama disease in banana plants. Panama disease has caused extensive damage to banana-production in areas of Asia, Africa, and the Americas for decades (Ploetz and Pegg, 1997; FAO, 2014) . According to the Food and Agriculture Organization of the United Nations, this disease has wreaked havoc in many countries in recent years by directly and indirectly affecting the producers, traders, and families who depend on the banana industry. Panama disease cannot be controlled by fungicides, and thus the way its spread is prevented is by controlling the circulation of diseased plant materials (Cordeiro and Matos, 2003; FAO, 2014) , and the use of resistant cultivars, which is considered the most economically and environmentally feasible approach (Cordeiro and Matos, 2003) . However, increased genetic variability in this plant pathogen can overcome resistance. This can hinder the use of cultivars for extended periods, and thus requires the constant production of new resistant cultivars or the establishment of new disease control strategies.
Post-transcriptional gene silencing using RNA interference, also known as RNAi knockdown, is an advantageous method to control gene expression because it is highly specific to the target mRNA. Additionally, RNAi efficiency is not affected by the presence of dikaryotic nuclei or multicopy genes (Fire et al., 1998; França et al., 2010) . As such, RNAi is a cellular defense mechanism used by fungi and various other organisms (Napoli et al., 1990; Romano and Macino, 1992; Fire et al., 1998; Ketting et al., 1999) . RNAi can also be used to control diseases caused by plant pathogens by reducing the expression level of various genes that may be involved in virulence.
The fungal RNAi mechanism utilizes double-strand RNA (dsRNA) (Fire et al., 1998; Elbashir et al., 2001) . dsRNA can be produced in situ by fungi, or prepared in vitro and transferred into cells, which is known as synthetic RNAi (Caribé dos Santos et al., 2009; Mumbanza et al., 2013) . The construction of DNA vectors containing cassettes that encode for long dsRNA hairpins targeting specific genes, and the subsequent insertion of these cassettes into the genomes of organisms of interest allow for the permanent silencing of the target mRNA. This differs from the transfection of synthetic dsRNAs or small interfering RNAs (siRNAs), which produce transient gene silencing (Krajaejun et al., 2007; Shafran et al., 2008; Bhadauria et al., 2009; Caribé dos Santos et al., 2009; Mumbanza et al., 2013) .
Recently, Sutherland et al. (2013) detected the presence of pathogenicity-related genes in the tropical race 4 (TR4) and subtropical race 4 (STR4) Foc strains. Several other genes were also identified by Guo et al. (2014) in a comparative analysis between the genomes and transcriptomes of Foc races R1 and R4. Particularly, a gene known as SIX Gene Expression 1 (SGE1), identified in F. oxysporum f. sp licopercisi (Fol) by Michielse et al. (2009) , has drawn considerable attention. SGE1 encodes for a homonymous protein with transcription factor function that is capable of activating the transcription of effector genes that encode for a family of proteins termed secreted in xylem (SIX). SIX proteins are directly involved in the infectious process of the host plant (Michielse et al., 2009) . The presence of Six1 through Six10 has been reported in Fol (Rep et al., 2004; Lievens et al., 2009; Meldrum et al., 2012) , and some of these genes have already been detected in Foc (Meldrum et al., 2012) . Fol strains containing mutations in the SGE1 gene were unable to cause disease in tomato plants, although conidiogenesis was affected, albeit without altering the viability of the generated spores (Michielse et al., 2009) .
Given the importance of the SGE1 gene in pathogenicity, the objective of the current study was to assess whether the SGE1 gene plays a functional role in Foc and to evaluate morphophysiological changes in transformants with differing levels of SGE1 silencing.
MATERIAL AND METHODS

Microorganisms and culture conditions
The Foc R2 isolate (VCG 0124) and the Agrobacterium tumefaciens strain AGL1 were used in genetic transformation experiments. Foc R2 was routinely grown on potato dextrose agar (PDA) medium (10 g/L dextrose; 16 g/L agar; 250 g/L potato discs) and maintained in an incubator at 25°C. PDA cubes ~0.5 mm 2 in size containing mycelia were removed from Petri dishes and placed in flasks with 50 mL potato dextrose broth (PDB) at ¼ normal concentration. Flasks were stirred at 150 rpm for 48 h to prepare conidia. The A. tumefaciens strain AGL1 was transformed with a binary vector carrying an RNAi construct for SGE1 gene silencing. Bacteria were grown in solid and liquid LB-mannitol culture medium (10 g/L tryptone; 5 g/L yeast extract; 2.5 g/L NaCl; 16 g/L agar; 10 g/L mannitol) supplemented with antibiotics (75 µg/mL carbenicillin and 50 µg/mL kanamycin), and incubated at 28°C for 24-48 h.
Construction of a binary vector for SGE1 gene silencing in Foc by RNAi knockdown
RNAi gene silencing was achieved using a specific dsRNA hairpin to silence transcripts produced by the targeted gene (SGE1) in Foc. The vector pFANTAi4 (Krajaejun et al., 2007) was kindly provided by Dr. Thomas D. Sullivan at the University of Wisconsin. A SGE1 gene fragment 564 base pairs (bp) in length was cloned into pFANTAi4 in sense and antisense orientations. Sense and antisense sequences of the green fluorescent protein (GFP) reporter gene, a spacer region, and a terminator region were also present in the cassette, and the expression of all cassette components was under the control of the Histoplasma capsulatum histone 2AB constitutive promoter. The construct also included a gene conferring resistance to hygromycin (hph).
Genetic transformation of Foc measured using A. tumefaciens-mediated transformation (ATMT)
Transformation was performed using the ATMT procedure according to methods described by Zwiers and De Waard (2001) , with some modifications. Conidia and protoplasts were used for transformation. Conidia were prepared using the culture conditions described above. The spore culture was filtered through sterile gauze, centrifuged, and washed twice with ultrapure autoclaved H 2 O. Conidia were diluted in induction medium [10 mL/L K-buffer, pH 6.8; 1 mL/L 1% CaCl 2 ; 10 mL/L 0.1% FeSO 4 ; 2.5 mL/L 20% NH 4 NO 3 ; 20 mL/L M-N; 5 mL/L spore elements; 10 mL/L 50% glycerol; 40 mL/L 1 M MES, pH 4.8; 8.75 mL/L 20% glucose; and 1 mL/L 200 µM acetosyringone (AS)], and the concentration was adjusted to 10 6 spores/mL. Protoplasts were prepared according to methods described by Visser et al. (2004) , with some modifications, i.e., only the lysing enzyme solution was used (Sigma-Aldrich; 100 mg/mL diluted in osmotic medium), whereas the enzyme mixture was not used.
The AGL1 strain containing the vector pFANTAi4 was grown in LB-mannitol liquid medium supplemented with antibiotics (75 µg/mL carbenicillin and 200 µg/mL spectinomycin). Bacteria were incubated in a shaker (200 rpm) at 28°C for 24 h. The bacterial culture was then centrifuged, and the supernatant was discarded. Minimum medium (10 mL/L K-buffer, pH 6.8; 1 mL/L 1% CaCl 2 ; 10 mL/L 0.1% FeSO 4 ; 2.5 mL/L 20% NH 4 NO 3 ; 20 mL/L M-N; 5 mL/L spore elements; 8.75 mL/L 20% glucose) was added, and the culture was incubated at 200 rpm and 28°C overnight. Subsequently, the bacterial culture was centrifuged and resuspended in induction medium (IM). The optical density at 600 nm (OD 600nm ) was measured for 0.15 and 0.5 dilutions. A culture period of ~3 to 4 h was allowed so that the OD of the 0.15 dilution reached 0.18 and the OD of the 0.5 dilution reached 0.6-0.8.
Protoplast and microconidium cultures were co-cultured with Agrobacterium at a 1:1 ratio (3 mL Foc protoplasts or spores and 3 mL Agrobacterium culture). Cultures were incubated at 22°C for 48 or 96 h. A total of 100 µL co-culture was spread onto Petri dishes containing PDA medium supplemented with antibiotics (130 µg/mL hygromycin B and 400 µg/mL cefotaxime) to select for transformants. Plates were maintained in an incubator at 25°C until transformant mycelia were visualized. The remainder of the co-culture was centrifuged. The IM was discarded, and 6 mL PDB supplemented with 130 µg/mL hygromycin B and 400 µg/mL cefotaxime was added. Cultures were divided into three aliquots of 2 mL each. Culture aliquots were kept on a shaker (150 rpm) at 25°C until mycelial growth was visualized. The monospore culture procedure was followed for transformants prepared in PDB medium.
DNA extraction
Wild-type isolates and transformants were grown in PDB medium under 150 rpm stirring for three days to prepare a mycelial mass. Total DNA extraction was performed according to the cetyltrimethylammonium bromide method as previously described (Doyle and Doyle, 1990) . The DNA extract was treated with RNAse (Invitrogen, Carlsbad, CA, USA), quantified by spectrophotometry (NanoDrop, Thermo Fisher, Waltham, MA, USA), and subjected to 0.8% agarose gel electrophoresis.
Confirmation of transformants
The presence of the hygromycin resistance marker gene (hph) in the possible transformants was detected by polymerase chain reaction (PCR) and used to confirm the integration of the T-DNA cassette into the genome. The amplification reaction was performed on 2 µL total DNA (50 ng) from transformants or untransformed fungus (wild-type). PCR was performed in a 15-µL reaction volume, which contained 0.3 µM hph forward and reverse primers (Table 1), 1.5 µL 1X reaction buffer (500 mM KCl; 100 mM Tris-HCl, pH 8.4; 1% Triton X-100), 1.2 µL MgCl 2 (1.5 mM), 1.6 µL dNTPs (0.8 mM), 1U Taq polymerase (Phoneutria), and brought to a total volume of 15 µL with distilled water. The following PCR conditions were used: 94°C for 3 min as an initial denaturation step; followed by 30 cycles of 94°C for 30 s for denaturation, 66°C for 30 s for primer annealing, and 72°C for 1 min for DNA strand synthesis; and a final extension at 72°C for 10 min. Amplified products were visualized following 1.5% agarose gel electrophoresis. 
Transformant mitotic stability test
Transformants isolated by monospore culture were maintained in selective medium (PDA supplemented with 130 µg/mL hygromycin) for 20 days. Subsequently, 13 transformants prepared from four different experiments were selected for mitotic stability and expression tests. The end fragments of transformant colonies were transferred to Petri dishes containing antibiotic-free PDA, and five successive subcultures were performed at four-day intervals. Following this procedure, mycelial fragments derived from the final subculture were again transferred to plates containing PDA supplemented with 130 µg/mL hygromycin B, and incubated in a biological oxygen demand (BOD) incubator at 25ºC.
Vegetative growth and sporulation analysis
The radial size of colonies of the 13 selected transformants and the radial size of the untransformed fungus (wild-type Foc) were compared, and the effect of SGE1 silencing on the growth of transformants was analyzed. The vegetative growth of transformants was compared to wild-type growth after 7 days of culture.
To evaluate sporulation, mycelial and spore solutions were analyzed between 3 and 7 days of growth in ¼ strength PDB. The evaluations were performed using five treatments (T2, T4, T7, T11, and wild-type) with five replicates each. The results were subjected to analysis of variance using the SISVAR software (Universidade Federal de Lavras, Lavras, MG, Brazil). The means were compared using the Tukey test at 5% probability.
RNA extraction, cDNA synthesis, and reverse transcription-quantitative PCR (RTqPCR)
Gene expression in the 13 selected transformed strains was measured from mycelium collected before and after the mitotic stability test. Total RNA from the mycelial mass of transformants and wild-type isolates was extracted using the RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to manufacturer specifications. Quantification of extracted RNA was performed using a NanoDrop spectrophotometer (Thermo), and the quality was confirmed by 1.2% agarose gel electrophoresis. Furthermore, 4 µg total RNA was treated with DNase (Invitrogen), and following digestion, the RNA was assessed by 1.2% agarose gel electrophoresis.
cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) following manufacturer instructions. The absence of genomic DNA was confirmed by PCR amplification of the tef gene, which has a 469-bp genomic DNA amplicon and a cDNA amplicon of approximately 200 bp.
The cDNA used in the reactions was diluted to a 1:10 ratio (v/v), and 2 µL dilution was used for RT-qPCR, with 0.25 nM primers (Table 1 ). All reactions were performed in triplicate.
RT-qPCR analysis was performed using the Fast SYBR Green Master Mix and a 7500 Real time PCR System (Applied Biosystems). Three primer pairs for internal reference genes (tef, g6pd, and gapdh) were used in addition to the primer pairs SGE1ds and SGE1 silence directed to the SGE1 transcript. The SGE1ds forward and reverse primers were designed to amplify a 100-bp fragment of SGE1 also included in the 564-bp dsRNA construct. The SGE1 silence forward and reverse primers were used to quantify SGE1 gene silencing. These last primers were capable of amplifying a 175-bp fragment outside the region covered by the synthetic dsRNA (Figure 1) . The relative expression for the dsRNA and the SGE1 gene before and after the mitotic stability test was analyzed in the 13 Foc selected isolates. The relative expression was calculated using the 2 -∆∆CT method, using the software provided by Applied Biosystems. 
Pathogenicity test
Spore suspensions from two transformants, T4 and T11 (resulting from the agrotransformation of spores and protoplasts), and the wild-type Foc strain were used to evaluate pathogenicity. The inoculation was performed using banana cv. Maçã plants. The plants were approximately 20 cm long, with roots washed and cut at the ends to facilitate fungal penetration. Plants were placed in beakers containing 150 mL spore suspension at a concentration of 10 6 spores/mL. The banana plants used as a control were placed in autoclaved ultrapure water. The plants remained in solution for 2 h and were subsequently planted in polystyrene cups containing sterile sand. Plants were kept at 25°C during the day and 22°C during the night with a 12 h photoperiod, and received Hoagland nutrient solution every 15 days. All tests were performed in triplicate. Symptoms were evaluated after 45 days of inoculation according to methods described by Mak et al. (2004) , where a 1-5 scale was followed for external symptoms, and a 1-8 scale was used for internal symptoms.
Post-inoculation, reisolation, and characterization of transformants
The reisolation of transformants from inoculated banana plants was performed using root, rhizome, and pseudostem fragments. Fragments were placed on Petri dishes containing agarwater, and incubated at 25°C for 2 days. Following fungi growth, slices of the agar (approximately 0.5 mm 2 ) were transferred to plates containing PDA supplemented with hygromycin B, and incubated for 3 days in a BOD incubator at 25°C. Fungi able to grow in selective medium were subjected to the monospore culture process. Total DNA was extracted after 7 days of growth in PDA to confirm the transformants, and PCR was performed using primers to detect hph and SGE1 (Table 1) .
RESULTS
Phenotypic and molecular characterization of transformants
In the different transformation experiments, transformant strains were only produced from protoplasts and spores with 96 h of co-culture and at 0.6 OD 600nm . In total, 13 of the 120 monospore transformants maintained in selective medium with 130 µg/mL hygromycin B were selected for further evaluation.
PCR evaluation of the selected transformants confirmed the presence of approximately 690-bp fragments corresponding to the hph gene, which indicated the presence of the cassette containing sense and antisense sequences of SGE1 for the production of the dsRNA hairpin. Furthermore, all isolates analyzed in the mitotic stability test for T-DNA insertions in the genome retained the ability to grow in the presence of hygromycin B, and this demonstrated genetic stability among the isolates, albeit with variations in radial colony growth. This was observed for isolates derived from both spores and protoplasts, except for the T4 and T7 transformants. Specifically, the T4 and T7 exhibited radial sizes very similar to that assessed for the wild-type Foc strain.
The effect of silencing on the conidiogenesis of transformants was evaluated in comparison to that of the wild-type strain, which had a spore concentration greater than 10 6 spores/mL after 3 days of culture in liquid medium. At five days, the transformants had reached a mean growth ranging from 0.24 to 0.56 x 10 6 spores/mL, which was approximately 95% fewer spores than the wild-type strain (approximately 5.25 x 10 6 spores/mL at 5 days). Transformants were only able to reach a concentration of 10 6 spores/mL on the seventh day, whereas this concentration was reached by the wild-type strain after 3 days of growth. Differences in spore production between transformants and the wild-type strain were significant according to the Tukey test (P = 0.001). The transformant strains were also considered statistically equivalent (Figure 2 ).
Evaluation of SGE1 gene silencing levels in transformed Foc strains
Most transformants analyzed before the mitotic stability test showed no significant increase in relative expression of the region used for dsRNA production. SGE1 gene silencing was also not observed, which demonstrated that during this period (approximately 30 days after transformation), the dsRNA hairpin expression was insufficient to reduce SGE1 mRNA levels. In contrast, considerable increases in the expression levels of the region used to produce the dsRNA hairpin were observed after the stability test in 9 transformants (T1, T2, T3, T4, T6, T7, T9, T10, and T11). However, significant reductions in the relative expression level of the SGE1 gene were not observed in the T1, T3, T9, T10, and T11 strains. Increased relative expression levels of the dsRNA hairpin were observed in the T6 and T12 strains; however, an increase in target mRNA transcript levels was also observed. The T2, T4, and T7 strains exhibited the highest levels of silencing of the target mRNA transcript, which was assessed using the SGE1 silence primers, and each of these strains resulted from the transformation of spores. Silencing was 30% for the T2 strain, 27% for the T4 strain, and 47% for the T7 strain (Figure 3) . These values were calculated using the 2 -∆∆Ct method normalized to reference genes, and represent the mean relative quantification values. 
Analysis of SGE1 gene silencing in pathogenicity and/or virulence
The T4 and T11 strains were selected for the inoculation of banana plants. These strains showed low levels of dsRNA transcripts before the mitotic stability test. An increase in dsRNA relative expression levels in T4, which exhibited radial colony growth similar to that of the wild-type strain, occurred during the growth period after the mitotic stability test. The sporulation capacity of T4 was quantitatively affected, as observed in the sporulation test; however, the spores produced were perfectly viable and able to germinate and produce hyphae. However, sporulation was reduced in T11 compared to wild-type Foc, and radial colony growth was also smaller than those of the T4 and wild-type strains, indicating that the cassette was possibly inserted into a region of the genome that affected mycelial growth.
In the pathogenicity test, banana plants inoculated with wild-type Foc began to show the first external disease symptoms at 10 days after inoculation. Yellowing of older leaves was observed, which subsequently progressed to younger leaves, and these symptoms are typical of Panama disease. In contrast, symptoms began to appear at 20 days after inoculation in banana plants inoculated with the T4 transformant strains, demonstrating that the 27% SGE1 gene silencing observed in T4 was able to delay symptoms. Additionally, Banana plants inoculated with the wild-type strain had advanced indices of external disease symptoms at 25 days after inoculation. Particularly, according to the symptom index scale, wild-type Foc induced symptoms at scores of 4 to 5, and nearly all leaves were compromised and appeared yellowed to completely dry. Conversely, plants inoculated with strains T4, T11, and control plants had scores ranging from 2 to 3. At 30 days after inoculation, banana plants inoculated with the wild-type strain already showed total compromise in leaves with symptoms. Such plants displayed the common features of Panama disease, including a score of 5 on the disease scale. However, banana plants inoculated with transformant strains showed only the initial stages of disease, with few symptomatic leaves. In the evaluation of internal symptoms, infection was visible in the pseudostem and rhizome of banana plants inoculated with the wild-type strain. Such plants differed in color to banana plants inoculated with transformants at 45 days after inoculation. Banana plants inoculated with transformant strains followed virtually the same pattern as control banana plants, in which little pseudostem discoloration was observed, earning a score of 3 on the rhizome discoloration scale. Banana plants inoculated with the wild-type strain had rhizomes with scores ranging from 7 to 8 on the internal symptoms scale at 4 to 5 weeks after inoculation (Figure 4) .
The ability of transformants to penetrate and colonize host tissues was evaluated by reisolation and analysis of inoculated transformants. The results confirmed the presence of transformants, both in rhizomes and pseudostems. However, wild-type Foc and Foc transformants could not be reisolated from roots. The transformants were transferred to Petri dishes containing culture medium with antibiotics and maintained the same morphological characteristics as the strains used in the inoculation.
DISCUSSION
RNAi mechanisms are often involved in protecting the genome of plants, animals, and eukaryotic microorganisms (Carreras-Villaseñor et al., 2013) . These mechanisms have been conserved throughout evolution and may also act on regulatory processes, such as development, transcription, and translation (Meyer, 2008; Carreras-Villaseñor et al., 2013) . A. Bananas inoculated with the wild-type (WT) strain showed a higher disease severity score at 20 days after inoculation than bananas inoculated with transformant strains (columns from left to right: bananas inoculated with WT, T11, or T4). B. At 25 days after inoculation, most leaves on banana 2 were dry (banana 1-control; 2-WT; 3-T11; and 4-T4). C. At 30 days after inoculation, banana 1 was dead. Bananas 3 and 4 showed initial disease stages (banana 1-WT; 2-control; 3-T11; and 4-T4). D. Pseudostem cross-sections at 45 days after inoculation. Pseudostem 1 has a higher discoloration score (banana 1-WT; 2-control; 3-T11; and 4-T4).
Post-transcriptional silencing by RNAi is based on the formation of dsRNA molecules, which are cleaved by Dicer-like (Dcl) enzymes into siRNAs of approximately 20-25 nucleotides in length. siRNA is then incorporated into Argonaut (Ago) proteins, which are located in the RNA Interference Specificity Complex. Sense and antisense siRNA molecules are then separated. Only the antisense molecules remain in the complex, guiding them to complementary mRNA sequences, which causes the degradation of the target mRNAs (Schumann et al., 2013) .
Different strategies have been used in RNAi silencing, including the use of several types of transformation vectors, and the direct use of dsRNAs and siRNAs synthesized in vitro. One of the few published studies utilizing the Foc RNAi mechanism used synthetic dsRNA molecules against different genes to evaluate their effects on spore germination and colony establishment, and 79.8 to 93% inhibition was observed among the 14 genes tested. Specifically, dsRNAs against the mRNAs of adenylate cyclase and the alpha subunit of DNA polymerase delta resulted in the highest levels of spore germination inhibition (Mumbanza et al., 2013) . Reaching such high gene silencing levels demonstrates the potential of this method. While the use of synthetic dsRNAs is fast, and various kits are available on the market, this silencing methods is costly and transient.
Given the need to evaluate the effects of gene silencing over longer periods of time, such as those on phenotypic changes, we used a transformation strategy utilizing a cassette that induced the formation of a dsRNA hairpin. This strategy has the advantage of ensuring a constant production of siRNA through cellular machinery. Therefore, the expression of the dsRNA against the targeted gene is permanent when the insertion of the cassette into the fungal genome is stable.
The transformant strains prepared in the current study maintained stable cassette integration in the genome following the mitotic stability test. However, variations in radial colony growth were observed for some of the transformed strains. Such variations are not characteristic of SGE1 silencing. For example, mutants generated upon SGE1 gene deletion showed a vegetative growth indistinguishable from that of wild-type Fol according to Michielse et al. (2009) . Similar results were obtained for the T4 transformant in the present study. However, the T11 strain had significantly lower radial colony growth than those of the T4 and wild-type strains. This may have been because the cassette had no target region for integration into the genome, and thus the integration may have interrupted or altered the expression of a gene important for growth. Countless studies involving filamentous fungi, including F. oxysporum (Martín-Udíroz et al., 2004) , F. graminearum (Connolly et al., 2013) , and Leptosphaeria maculans (Feng et al., 2014) , found that interrupting genes encoding enzymes and proteins important for metabolism may result in a reduced capacity for growth using specific carbon sources, and may change pigmentation.
Components of fungal pathogenicity, such as sporulation and spore germination, may also be adversely affected, and this in turn reduces virulence in the host plant (Feng et al., 2014) . Although Michielse et al. (2009) observed that SGE1 is not required for vegetative growth or the utilization of different carbon sources in Fol, this gene was demonstrated to be quantitatively involved in conidiogenesis. The spores generated by SGE1 mutants are less abundant, but perfectly viable. Similar observations were also made here for Foc transformants when compared to wild-type Foc. After three days of culture in ¼ strength PDB, the wild-type strain had a spore concentration greater than 10 6 spores/mL, while transformant strains required at least five days of culture to reach concentrations of 10 5 spores/mL. Seven days of culture were required for transformed strains, including T4 and T11, to reach the same concentration reached by the wild-type strain in 3 days. However, changes in conidial size/structure were not observed for the transformed lines described herein.
Given the complexity and large number of genes involved in conidiogenesis, transformants that exhibited no SGE1 gene silencing but with reduced numbers of conidia may result from other factors. The various possibilities should thus be examined, including the identification of the T-DNA insertion region in the different transformants. In F. oxysporum f. sp. melonis, 42 genes that are significantly involved in conidiogenesis have been identified. These include FVS1, which encodes a protein with a SAM domain that is commonly involved in protein-protein interactions, important for transcriptional and post-transcriptional regulation and signal transduction. fvs1 mutants produced morphologically normal microconidia and macroconidia, but despite normal conidia were produced in a markedly reduced number in the mutant than in the wild type. Mutants also displayed defects in conidial germination and virulence (Iida et al., 2014) .
Among all the transformants tested, three strains showed considerably reduced expression levels of the target transcript. Specifically, the T4, T2, and T7 strains showed 27, 30, and 47% targeted gene silencing, respectively, and simultaneously expression of the gene region included in the transformation cassette was increased when compared to that of the wild-type strain. Similar results have been observed in other studies of filamentous fungi. For example, targeted gene silencing ranged from 15 to 96% in Phanerochaete chrysosporium (Matityahu et al., 2008) and 18.4 to 97% in Trichoderma atroviride (Carreras-Villaseñor et al., 2013) .
The difference among the transformants may be related to low dsRNA production due to epigenetic factors as different expression levels of dsRNAs and targeted gene transcripts were detected before and after the mitotic stability test by RT-qPCR. A second hypothesis is that 20-30 days following cassette integration into the genome was insufficient for maximum dsRNA expression in some transformed strains. For example, in Moniliophthora perniciosa, gfp gene silencing with constitutively expressed dsRNA was initially detected at 28 after transformation (Caribé dos Santos et al., 2009 ). However, Goldoni et al. (2004) concluded that transcript repression may be an efficient process, even when expression levels of the dsRNA hairpin are low.
Regardless of the degree of decrease in SGE1 expression relative to that of the wildtype strain, a visible reduction in virulence was observed during the pathogenicity test. Reduced virulence was even observed in the T11 strain, which showed similar relative expression of SGE1 to that of the wild-type strain, but with pathogenicity in banana plants similar to that of the T4 transformant whose SGE1 expression was significantly reduced compared to that of the wildtype strain. Taken together, the data indicate that transformants and wild-type strains managed to penetrate the roots and colonize the host plants. Infection then extended into the vascular system. These data were confirmed by the isolation of the strains from the rhizome and pseudostem of banana plants, demonstrating that the symptoms were actually caused by the presence of the fungi inoculated into the host plants. The progression of symptoms was slower in plants inoculated with the transformants in comparison to plants inoculated with the wild-type strain. This indicates that SGE1 gene silencing does not prevent symptoms from appearing, but rather that symptoms are delayed. Michielse et al. (2009) evaluated the same pathogen-host plant interaction using deletion mutants and confirmed the importance of SGE1 in pathogenicity and/or virulence as Fol transformants had difficulty proceeding into the vascular system of infected tomato plants.
The visible reduction in virulence observed when SGE1 is silenced indicates that this gene also plays a key role in the development of disease in Foc. Furthermore, this gene may serve as target for the development of pathogen control alternatives using host-induced gene silencing (HIGS). The HIGS method has been found to severely reduce the damage caused by plant pathogens in plants of agronomic interest (Tinoco et al., 2010; Ghag et al., 2014; Cheng et al., 2015) . HIGS has demonstrated that RNAi may spread systemically, moving from host plant cells to invading pathogen cells, promoting the silencing of specific genes.
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